Gopallawa I, Uhal BD. Angiotensin-(1-7)/mas inhibits apoptosis in alveolar epithelial cells through upregulation of MAP kinase phosphatase-2. Am J Physiol Lung Cell Mol Physiol 310: L240 -L248, 2016. First published December 4, 2015 doi:10.1152/ajplung.00187.2015.-Earlier work from this laboratory showed that autocrine generation of angiotensin II and c-Jun-NH2-terminal kinase phosphorylation (p-JNK) are both required events in alveolar epithelial cell (AEC) apoptosis. Although earlier data showed that angiotensin-(1-7) [ANG-(1-7)] protects against AEC apoptosis, the pathways by which ANG-(1-7)/mas activation prevent JNK phosphorylation and apoptosis are poorly understood. Therefore, in the current study, it was theorized that ANG-(1-7) activates a mitogen-activated protein kinase phosphatase (MKP) and thereby reduces JNK phosphorylation to inhibit apoptosis and promote cell survival. This hypothesis was evaluated in the human A549 and mouse MLE12 AEC lines and primary cultures of human AECs. Cells were transfected with small-interfering RNAs, antisense oligonucleotides, or inhibitors specific for MKP-2 or mas, and were then assayed for phospho-JNK, caspase-9, loss of mitochondrial membrane potential, and nuclear fragmentation. Silencing of MKP-2 significantly prevented the blockade of all apoptotic markers by ANG-(1-7). Knockdown or blockade of mas receptor by antisense oligonucleotides or by the receptor antagonist A779, respectively, caused significant decreases in MKP-2, and simultaneously increased the apoptotic markers of caspase-9 activation and nuclear fragmentation. These data show that the ANG-(1-7)/mas pathway constitutively prevents JNK phosphorylation and apoptosis of AECs by maintaining activation of the JNK-selective phosphatase MKP-2, and further demonstrate the critical role of the ANG-(1-7) receptor mas in AEC survival.
IT IS WELL ESTABLISHED THAT alveolar epithelial cell (AEC) apoptosis contributes to the pathogenesis of several types of lung disease (20) . Therefore, understanding the underlying signaling mechanisms of AEC apoptosis is critical to determine the pathogenesis of lung injury. Blockade of apoptosis by broad-spectrum caspase inhibitors or genetic deletion of apoptotic genes prevented lung injury in animal models (32) . In recent years, activation of a local angiotensin system (ANG) in the lung has shown to play a major role in AEC apoptosis and subsequent lung injury (33) . Previous work from this laboratory demonstrated that inducers of apoptosis generate angiotensinogen (AGT), the 58-kDa protein that, after enzymatic cleavage generates the effector octapeptide angiotensin II (ANG II; see Refs. 21, 39, 40) . Moreover, it was shown that autocrine generation of ANG II is required in AEC apoptosis, through experiments that blocked apoptosis by either antisense oligonucleotides against AGT mRNA, angiotensin type 1 (AT 1 ) receptor antagonists, or by neutralizing antibodies against ANG II itself (34) . Subsequent in vitro studies showed that binding of ANG II to its receptor AT 1 causes phosphorylation of c-Jun-NH 2 -terminal kinase (JNK), a member of the mitogen-activated protein kinase (MAPK) family, which is required for AEC apoptosis (36) .
Angiotensin-converting enzyme-2 (ACE-2) degrades ANG II by removal of a single amino acid to generate the heptapeptide angiotensin-(1-7) [ANG-(1-7)]. Recent work showed that ACE-2 is protective against experimental lung injury. Lung tissues from both experimental mouse and rat models treated with bleomycin showed significantly reduced levels of ACE-2 mRNA, protein, and enzymatic activity, suggesting that loss of ACE-2 contributes to accumulation of ANG II causing AEC apoptosis and subsequent lung injury (19) . Accordingly, in both pulmonary and nonpulmonary systems ANG-(1-7) has shown to counteract detrimental effects of ANG II through the mas receptor (17) . Radioligand binding studies have provided evidence that ANG-(1-7) binds to its receptor mas, which is distinct from the AT 1 and AT 2 receptor subtypes (26) .
Experimental studies in this laboratory demonstrated that ANG-(1-7) inhibits ANG II-or bleomycin-induced JNK phosphorylation in AECs (37) . Furthermore, ANG-(1-7) also inhibited caspase activation and apoptosis, which were blocked by the mas receptor antagonist A779 {D-Ala 7 -[ANG-(1-7)]}, which has very low affinity for the AT 1 or AT 2 receptors. Although the exact downstream signaling mechanisms of the ANG-(1-7)/mas pathway are currently unclear, several groups have shown the activation of a phosphatase in different cell types (3, 11) . Mitogen-activated protein kinase phosphatases (MKPs) belong to the family of dual-specificity phosphatases (DUSPs), which are important negative regulators of MKPs through dephosphorylating the Thr-X-Tyr motif of MKPs (7) . A recent publication by Uhal et al. showed that at baseline (without stimulation) ANG-(1-7) is more abundant than ANG II in the cell culture media bathing primary AECs and that ANG-(1-7) dephosphorylates p-JNK as a cell survival mechanism (37) . Therefore, it was theorized that the ANG-(1-7)/ mas pathway activates a JNK-selective mitogen-activated pro-tein kinase phosphatase-2 (MKP-2) to reduce p-JNK levels, thus promoting cell survival. We report here the findings that silencing MKP-2 (DUSP 4) prevents the blockade of JNK phosphorylation and apoptosis (ANG II signaling) by ANG-(1-7) in AECs. Furthermore, we also report that silencing mas decreases MKP-2 and promotes apoptosis in these cells.
MATERIALS AND METHODS
Reagents and materials. ANG II and ANG-(1-7) were purchased from Sigma-Aldrich (St. Louis, MO). Mas receptor antagonist A779 was purchased from GenScript (Piscataway, NJ). Antibodies for the detection of MKP-2, Mas receptor as well as MKP-2-specific smallinterfering RNAs (siRNA) and control siRNA were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for the detection of p-JNK, active forms of caspase-9, total JNK, and ␤-actin were all obtained from Cell Signaling Technology (Boston, MA). Antisense oligonucleotides against the mas receptor and the control antisense were obtained from Genemed Synthesis (San Antonio, TX). 3,3=-Dihexyloxacarbocyanine iodide (DiOC6) was obtained from Life Technologies (Carlsbad, CA). All other materials were of reagent grade and were purchased from Sigma Aldrich.
Cell culture. The human type II epithelial cell-derived cell line (A549) was obtained from American Type Culture Collection (ATCC, Manassas, VA) and was grown in F-12 medium containing 10% serum. Primary human AECs were obtained from ScienCell Research Laboratories (Carlsbad, CA) and were cultured in specific AEC medium formulated by the supplier. The mouse lung epithelial cell line (MLE12), a generous gift from the laboratory of Dr. J. Whitsett, University of Cincinnati, was grown in complete HITES media. All cells were grown in 6-, 12-, or 24-well culture plates and were analyzed at subconfluent densities. The primary cells were treated at day 2 of culture, a stage at which they are type II cell-like by accepted morphological and biochemical criteria (38) . All subsequent incubations with ANG-(1-7) and/or A779 (mas receptor antagonist) were performed in serum-free medium. In all studies cells were exposed to ANG-(1-7) (10 Ϫ7 M) for 40 min and/or A779 (10 Ϫ7 M) for 30 min before exposure to ANG II (10 Ϫ7 M) for 5 min to 20 h as indicated. Exposure to siRNA and control siRNA was done before treatment with ANG-(1-7) and ANG II.
Gene knockdown. Antisense oligonucleotides against human mas were designed using the antisense design tool from Integrated DNA Technologies (IDT, Coralville, IA) and were synthesized as phosphorothioated 20-mers. A549 cells or primary human AECs were transfected with antisense oligonucleotides or control antisense (final concn 0.1 M) by using Lipofectamine2000 reagent (Life Technologies, Grand Island, NY) at 2 l/ml as the vehicle dissolved in F-12 media without any serum or antibiotics. After transfections, the cells were incubated at 37°C with 5% CO2 for 6 h followed by addition of normal growth medium with three times the normal serum and antibiotic concentration (3ϫ normal growth medium). At 24 h, the transfection reagents were removed and replaced by complete F-12 media for an additional 24 h. Afterwards, the cells were serum starved overnight, and immediately thereafter ANG-(1-7) (10 Ϫ7 M) were added for 40 min to 12 h as indicated.
The siRNA against human MKP-2 were commercially synthesized and purchased from Santa Cruz Biotechnologies. The siRNA-tolipofectine ratio was optimized to yield effective knockdown, which was confirmed by Western blotting. A549s were transfected (final concn 0.1 M) similarly as described above and were treated with ANG-(1-7) (10 Ϫ7 M) followed by ANG II (10 Ϫ7 M). A scrambled siRNA of the same sequence was used as a negative control. The MKP-2 siRNA is a pool of three different siRNA duplexes: 1) sense 5=-GAAGGACACUAUCAGUACAtt-3= and antisense 5=-UGUACUGAUAGUGUCCUUCtt-3=, 2) sense 5=-GGACUCCGAAUACAUAAUAtt-3= and antisense 5=-UAUUAUGUAUUCGGAGUCCtt-3=, and 3) sense 5=-CACAGAUCCUAGCAAAUGUtt-3= and antisense 5=-ACAUUUGCUAGGAUCUGUGtt-3=.
Detection of apoptosis. Apoptotic cells were detected by nuclear fragmentation assay using propidium iodide (PI) as described earlier (21) after enzymatic digestion of ethanol-fixed cells with DNase-free RNase in PBS containing 5 g/ml PI. During fixation with 70% ethanol, detached cells were retained by centrifugation of the 24-well culture plates. Cells with discrete nuclear fragments with condensed chromatin were counted as apoptotic using epifluorescence microscopy. Apoptotic cells were scored over a minimum of four separate microscopic fields from each of at least three culture vessels per treatment group. As in earlier publications from this laboratory, the induction of apoptosis is verified by in situ end labeling (ISEL) of fragmented DNA conducted by a modification of the method of Mundle et al. (35) . Briefly, the cells were washed with distilled water for 10 min followed by an incubation with 0.23% periodic acid for 10 min. After five washes with 0.15 M PBS, cells were incubated with saline-sodium citrate solution at 80°C for 20 min followed by four washes with 0.5 M PBS and three times with 50 mM Tris·HCl, 5 mM MgCl 2, 10 mM ␤-mercaptoethanol, and 0.005% BSA in water (buffer A). Next, cells were incubated with an ISEL solution (0.001 mM biotin-dUTP, 0.01 mM of each dATP, dCTP, and dGTP, 20 U/ml DNA polymerase I in buffer A) for 2 h at 20°C. Afterwards, cells were washed three times in buffer A and with 0.5 M PBS five times. Next, the cells were incubated with a Vectastain ELITE solution that contained avidin and biotin-peroxidase solution dissolved in 1% BSA and 0.5% Tween 20 in 0.5 M PBS. After 30 min, cells were washed with PBS followed by an incubation with 0.25 mg/ml diaminobenzidine solution in 0.05 M Tris·HCl containing 0.01% H 2O2 to detect end labeling. The active forms of caspase-9 were detected by Western blotting using antibodies specific to the cleaved forms.
Estimation of mitochondrial membrane potential. The mitochondrial membrane potential (MMP) in A549 cells transfected with MKP-2 siRNA as described above was assessed with the lipophilic probe DiOC6. After treatment with ANG II (10 Ϫ7 M) for 8 h in the presence or absence of ANG-(1-7) (10 Ϫ7 M), the cells were incubated with PBS containing 500 nM DiOC6 for 15 min at 37°C followed by an assay in a fluorescence plate reader (BioTek, Winooski, VT) at 360 nm excitation and 420 nm emission. To determine the total DNA, cells were fixed with 70% ethanol for 30 min followed by an incubation with 10 m Hoechst 33342 dye dissolved in PBS for 10 min. Next, the cells were reanalyzed at the same wavelengths for quantitation of total cellular DNA. Data were then normalized.
Western blotting. Cells were lysed either with a modified lysis buffer for phosphoproteins containing 50 mM HEPES, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1 M EGTA, 1.5 mM MgCl 2, 100 M sodium orthovanadate, and the protease inhibitor cocktail (Complete Mini; Roche, Nutley, NJ) or with a Nonidet P-40-based lysis buffer containing protease inhibitors (for MKP-2, mas, and caspase-9). After being harvested, proteins were run on polyacrylamide gels and transferred to polyvinylidene difluoride membranes. Next, the bands were visualized by chemiluminescent substrate West Femto detection systems (Pierce, Rockford, IL).
RESULTS
To investigate the downstream signaling of the mas receptor in type II AECs, antisense oligonucleotides were used to knock down the mas receptor, which significantly silenced the receptor compared with the controls incubated with a random sequence (Fig. 1A) . In Fig. 1B , treatment of A549 cells with mas antisense oligonucleotides (final concn 0.1 M), in the presence of ANG-(1-7) (10 Ϫ7 M), induced the activated form of caspase-9. Similarly, nuclear fragmentation assessed with PI was significantly increased after the mas receptor was knocked down (Fig. 1C) . Figure 2A shows antisense oligonucleotide-mediated knockdown of the mas receptor alone (at baseline, i.e., without additional stimuli) significantly increased p-JNK levels compared with the control that received a random sequence oligonucleotide. In Fig. 2B , caspase-9 (active form) was increased in the cells that were treated with mas antisense oligonucleotides. Figure 3A shows that blocking the action of the ANG-(1-7) produced endogenously by AECs, using the specific mas receptor blocker A779 (at 10 Ϫ7 M added in the final 30 min of a 12-h serum starvation), induces p-JNK compared with the controls with no added A779. Figure 3 , B and C, shows that when A779 (10 Ϫ7 M) was applied in a similar manner as in Fig. 3A , but for 30 min only, MKP-2 protein was reduced in both mouse (MLE12, Fig. 3B ) and human (A549, Fig. 3C ) lung epithelial cells.
In Fig. 4 , A and B, A549 or MLE12 cells that received exogenous ANG-(1-7) showed increased MKP-2 protein compared with the controls. The induction of MKP-2 by ANG-(1-7) was blocked by preincubating the cells with the mas receptor antagonist A779 (Fig. 4B) . Moreover, antisense-mediated knockdown of mas also prevented the increase in MKP-2 induced by ANG-(1-7) (Fig. 4C) , which confirms the involvement of mas on the induction of MKP-2 by ANG-(1-7) (in both MLE12 and A549 cells). As shown in Fig. 4D , treatment with ANG-(1-7) (10 Ϫ7 M) and/or A779 (10 Ϫ7 M) does not have any effect on the other JNK-selective dual specific phosphatase MKP-1 and -5.
In Fig. 5A , treatment with siRNA against MKP-2 silenced the MKP-2 protein compared with the negative control with a scrambled sequence (also compared with transfecting reagents only). Figure 5B shows that the MKP-2 silencing is specific and does not interfere with the expression of the two other known JNK-selective phosphatases MKP-3 and MKP-7, which were unaffected. Earlier work showed that JNK phosphorylation is a required event in AEC apoptosis; to determine whether silencing MKP-2 induces JNK phosphorylation, A549 cells were treated with MKP-2 siRNA in the presence or absence of ANG-(1-7) (10 Ϫ7 M) and/or ANG II (10 Ϫ7 M) for 40 and 5 min, respectively. shows the induction of basal caspase-9 (active form) when MKP-2 is silenced compared with the control RNA sequence.
ANG II leads to loss of MMP (8). In Fig. 7A , treatment of A549 cells with the lipophilic dye DiOC6 demonstrates that the loss of MMP induced by ANG II was prevented by ANG- (1-7) . Furthermore, the blockade by ANG-(1-7) was inhibited by MKP-2 knockdown with siRNA (densitometry showed that siMKP-2 was not significantly different from ANG II alone). To assess the possibility that DiOC6 measurements might reflect changes in the number of mitochondria per cell rather than changes in MMP, the 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay was conducted to measure total mitochondrial function. MTT analyses showed that mitochondrial function per cell is constant across all treatment groups in Fig. 7A (data not shown) . Given that knockdown of MKP-2 increased both p-JNK and caspase-9 ( Fig. 6) , it was of high interest to determine whether silencing MKP-2 would also inhibit the ability of ANG-(1-7) to prevent apoptosis in A549 cells. In Fig. 7, B-D , the silencing of MKP-2 significantly prevented the ability of ANG-(1-7) to inhibit generation of the cleaved form of caspase-9 (Fig. 7B) , to inhibit nuclear fragmentation assessed by PI assay (Fig. 7C) , or to inhibit DNA fragmentation measured by ISEL assay (Fig. 7D) .
In accord with the experiments conducted in Fig. 3 , the ability of A779 to block MKP-2 upregulation was assessed in cultures of primary human AECs. In Fig. 8A , blockade of endogenous ANG-(1-7) by treatment with A779 alone (10 1-7) . A: A549 cells were transfected with either MKP-2 siRNA or a scrambled RNA sequence as described in MATERIALS AND METHODS. After 48 h cells were harvested for Western blotting of MKP-2. B: the same samples in A were subjected to Western blotting for MKP-7 and -3. C: A549 cells were transfected with MKP-2 siRNA for 48 h, followed by an incubation with ANG-(1-7) (10 Ϫ7 M) and ANG II (10 Ϫ7 M) for an additional 40 min and 5 min, respectively. Next, the cells were harvested for Western blotting for phospho-and total JNK. D: densitometry of C and additional replicate experiments; bars are means Ϯ SE of n Ն 4 over three separate experiments. *P Ͻ 0.05 vs. CTL, **P Ͻ 0.05 vs. ANG II, and ***P Ͻ 0.01 vs. ANG II/ANG-(1-7) by ANOVA and StudentNewman-Keuls post hoc analysis.
illustrates that silencing of MKP-2 significantly prevented the ANG-(1-7) inhibition of nuclear fragmentation induced by ANG II in human AEC primary cultures. Figure 9 depicts a summary of MKP-2 and mas receptor functions in AEC survival. ANG II induces p-JNK and apoptosis through the AT 1 receptor. Both JNK phosphorylation and apoptosis are blocked by the ANG-(1-7)-mas axis. Moreover, the blockade by ANG- (1-7) is prevented by silencing MKP-2. The mechanisms by which ANG-(1-7)/mas upregulates MKP-2 are yet to be elucidated.
DISCUSSION
The exact downstream signaling mechanisms of the ANG-(1-7)/mas pathway are currently of high interest to investigators seeking to understand the regulation of AEC apoptosis and its contribution to lung diseases. Past studies from this laboratory have shown the involvement of the ANG system in AEC apoptosis and subsequent lung injury (9) . It is well known that, in many organ systems, detrimental effects of the ANG II/AT 1 Fig. 7 . Silencing of MKP-2 prevents ANG-(1-7) rescue of mitochondrial membrane potential (MMP), caspase-9 activation, nuclear fragmentation, and DNA fragmentation in A549 cells. A: A549 cells were treated in the same way as in Fig. 6 with MKP-2 siRNAs, scrambled control RNAs, and/or ANG-(1-7) (10 Ϫ7 M for 40 min), followed by ANG II (10 Ϫ7 M) for an additional 8 h. Next, cells were incubated with the lipophilic probe 3,3=-dihexyloxacarbocyanine iodide (DiOC6) for 15 min at 37°C for the estimation of MMP. Bars are means ϩ SE of n Ն 3 in two or more cell cultures. *P Ͻ 0.05 vs. CTL and **P Ͻ 0.01 vs. ANG II by ANOVA and Tukey-Kramer multiple-comparison test. B: A549 cells were treated similarly to A but were harvested for Western blotting for caspase-9 (active form) and densitometry; bars are means ϩ SE of n ϭ 4 over two experiments. ***P Ͻ 0.001 vs. CTL, *P Ͻ 0.05 vs. ANG II, and **P Ͻ 0.05 vs. ANG II/ANG-(1-7) by ANOVA and Tukey-Kramer multiple-comparison test. C: A549 cells were transfected with MKP-2 or scrambled siRNAs followed by an incubation with ANG-(1-7) (10 Ϫ7 M) for an additional 40 min. Thereafter, the cells were exposed to ANG II (10 Ϫ7 M) for 20 h followed by microscopic quantitation of nuclear fragmentation (see MATERIALS AND METHODS). Bars are means ϩ SE of n ϭ 3; **P Ͻ 0.01 vs. CTL, *P Ͻ 0.01 vs. ANG II, and ***P Ͻ 0.01 vs. ANG II/ANG-(1-7) by ANOVA and Student-Newman-Keuls post hoc analysis. D: after ethanol fixation of the above cells, cultures were subjected to the in situ end labeling (ISEL) procedure for the detection of fragmented DNA by the 3,3=-diaminobenzidine (DAB) detection method (21) . Bars are means ϩ SE of n ϭ 3; *P Ͻ 0.05 vs. CTL and **P Ͻ 0.01 vs. ANG II/ ANG-(1-7) by ANOVA and Student-Newman-Keuls post hoc analysis. pathway are counteracted by the opposing axis of the ANG-(1-7)/mas signaling pathway (15) . Recently, Uhal et al. (37) demonstrated that JNK phosphorylation is a required event in AEC apoptosis in response to binding of ANG II to the AT 1 receptor. These authors also showed that bleomycin-or ANG II-induced JNK phosphorylation and apoptosis were blocked by ANG-(1-7) through its binding to mas receptor (37) .
The enzyme ACE-2 functions as a monocarboxypeptidase and is one of the enzymes that could degrade the proapoptotic ANG II to form the antiapoptotic ANG-(1-7) (13). Lentiviral overexpression of ACE-2 has been shown to protect against experimental lung injury and cardiac fibrosis in response to bleomycin and ANG II, respectively (27, 14) . Similarly, infusion of ANG-(1-7) subcutaneously in C57BL/6 mice attenuated lung injury, and, moreover, treatment with the specific mas blocker A779 aggravated collagen deposition and lung tissue remodeling (5) . In nonpulmonary cell types, ANG-(1-7) has shown physiological responses that are opposite to those of ANG II. The heptapeptide ANG-(1-7) has been shown to inhibit ANG II-induced MKP signaling in cardiac myocytes (31) , endothelial cells (24) , smooth muscle cells (10) , and renal proximal tubular cells (28) . Furthermore, cellular responses to ANG-(1-7) were blocked by pretreatment with the mas selective blocker A779. It was shown that mas knockout mice exhibit impaired cardiac function in vivo and in vitro, which demonstrated the physiological significance of mas receptor (25) . Likewise, the data shown here demonstrate a similar role for the ANG-(1-7)/mas pathway in AECs; antisense oligonucleotide-mediated mas knockdown induced the activated form of caspase-9 and nuclear fragmentation (Fig. 1) . Moreover, knockdown of the mas receptor, in the absence of ANG II/ANG-(1-7), shows an induction of p-JNK and caspase-9 ( Fig. 2) and thus points to a critical role for mas in preventing AEC apoptosis. These data confirm the involvement of mas in the survival of human AECs and, moreover, are consistent with previously published data showing that blockade of the mas receptor with A779 in the mouse lung epithelial cell line (MLE12) prevented the inhibition of apoptosis by ANG-(1-7) (37) .
Several studies have shown that imbalance in the levels of extracellular ANG II and ANG-(1-7) contribute to the pathogenesis of lung injury and defects in other organs (41) . A recent study of AECs by Uhal et al. (36) showed extracellular ANG-(1-7) levels in serum-free cell culture media are much higher than extracellular ANG II levels under unstimulated conditions, which was interpreted as a mechanism to maintain cell survival. In the same study it was found that JNK phosphorylation is a required event in AEC apoptosis. Consistent with those findings, in the present study blocking the action of the endogenous ANG-(1-7) with the mas antagonist A779 significantly increased JNK phosphorylation (Fig. 3) . Other research groups have shown that, in nonpulmonary cells, ANG-(1-7) inhibits ANG II-induced signaling through activation of a phosphatase. Given that p-JNK was increased in response to the mas blocker (Fig. 3) , it was of high interest to determine whether blockade of mas could reduce MKP-2 protein; this result was observed (Fig. 3B) . Furthermore, removing the endogenous ANG-(1-7) and adding freshly prepared exogenous ANG-(1-7) significantly induced MKP-2 ( Fig. 4A) , demonstrating that ANG-(1-7) regulates AEC survival by upregulating a MAPK-selective phosphatase and dephosphorylating JNK. The further finding that the induction of MKP-2 by ANG-(1-7) was prevented by the mas antagonist A779 and mas antisense oligonucleotides (Fig. 4, B and C) showed that ANG-(1-7) induces MKP-2 through its receptor mas. These results are consistent with earlier work from this laboratory that demonstrated mas-mediated blockade of ANG II-or bleomycin-induced signaling by ANG-(1-7) (37). Together, those data and the results from Fig. 4 strongly suggested that MKP-2 mediates the action of the receptor mas in AEC apoptosis. The data showing that antisense oligonucleotides against the mas receptor significantly prevented the ANG-(1-7)-induced increase in MKP-2 protein levels (Fig. 4C) provide further support for this concept.
Together, these data are consistent with experimental results that several other research groups have obtained by studying nonpulmonary cell types. In proximal tubular cells, ANG-(1-7) activated a tyrosine phosphatase and thereby prevented high glucose-stimulated phosphorylation of p38 (12) . Furthermore, in studies of cardiac myocytes, it was found that ANG II stimulated the phosphorylation of ERK1/ERK2, but this was reduced by cotreatment with ANG-(1-7) (22) . Moreover, the same authors found that ANG-(1-7) induces mitogen-activated protein kinase phosphatase-1 (MKP-1) and, additionally, attenuates cardiac remodeling (22) . Consistent with these findings, transgenic mice with constitutive overexpression of MKP-1 did not activate JNK, p38, or ERK1/ERK2 in the heart, and, furthermore, catecholamine-induced hypertrophy was prevented by overexpression of MKP-1 (2) . Those data showed that DUSPs, primarily MKP-1, are important in counterregulating MKPs in cardiac cells. Activation of MKP-1 was also demonstrated in vascular smooth muscle cells (VSMCs), and this activation antagonized ANG II/AT 1 -mediated vascular injury (29) . However, the data presented herein strongly demonstrate the upregulation of MKP-2 in AECs as a cell survival mechanism, and treatment with ANG-(1-7) and/or A779 did not change MKP-1 or MKP-5 as shown in Fig. 4D . These differences could be due to organ-or cell type-specific postreceptor signaling mechanisms.
In light of the data implicating MKP-2 in AEC survival, it was of high interest to determine the functional effects of MKP-2 silencing in AECs with siRNA (Figs. 5 and 6 ). As illustrated here, knockdown of MKP-2 increased basal levels of p-JNK and caspase-9 and demonstrated the importance of MKP-2 in AEC survival (Fig. 6) . The siRNA-mediated knockdown of MKP-2 caused a blockade of the ability to ANG-(1-7) to inhibit ANG II-induced JNK phosphorylation (Fig. 5) , caspase-9 activation (Fig. 6) , and DNA fragmentation and apoptosis measured by nuclear fragmentation (Fig. 7) . Consistent with this finding, silencing MKP-2 in primary human AECs significantly prevented ANG-(1-7) blockade of ANG II-induced nuclear fragmentation (Fig. 8B) . Moreover, inhibition of the mas receptor by A779 decreased MKP-2 levels in primary cultures of human AECs (Fig. 8A) . This finding is in agreement with earlier work from this laboratory (38) suggesting a critical role of mas in primary human AECs. The data presented here further extend those findings and demonstrate that MKP-2 is a critical mediator of the ANG-(1-7)/mas pathway in primary cultures of human AECs. These data are also in line with findings by Gava et al. (12) who showed that blockade of a tyrosine phosphatase by the inhibitor phenylarsine oxide reversed the effects of ANG-(1-7) (12). Overexpression of MKP-2 in human endothelial cells prevented tumor necrosis factor-␣-induced apoptosis by preventing JNK phosphorylation, and the induction of apoptotic markers by these cells was also reversed by overexpressing MKP-2 (1).
A recent publication from this laboratory demonstrated endoplasmic reticulum stress-induced mitochondrial dysfunction in AECs was blocked by ANG-(1-7) (38) . In the present study, ANG-(1-7) significantly prevented ANG II-induced reduction of the MMP (Fig. 7A) , and, moreover, the prevention by ANG-(1-7) was blocked in the absence of MKP-2. Even though MKP-2 knockdown did not bring the MMP value significantly below the control value, blockade of caspase-9 ( Fig. 7B ) by ANG-(1-7) was eliminated by silencing MKP-2. This could be explained by multiple signaling factors in apoptosis and that MMP is not the only factor involved in induction of nuclear fragmentation. Cadalbert et al. (4) showed that MKP-2 protects against stress-induced apoptosis in human embryonic kidney cells 293, and, moreover, the authors showed specificity of MKP-2 to dephosphorylate JNK in vivo (4) . The data from these groups and our current data suggest that ANG-(1-7) activates different phosphatases and causes multiple different biological effects in different cell types.
To date, only a few studies have investigated the downstream signaling of the ANG-(1-7)/mas pathway. It was shown that, in rat neurons, ANG-(1-7) induces phosphatase and tensin homolog, which dephosphorylates membrane-phosphorylated lipids to prevent recruitment of Akt (23) . By contrast, in isolated adult myocytes, ANG-(1-7) increased nitric oxide (NO) production associated with induction in endothelial NO synthase and Akt signaling, which were all blocked by treatment with A779 (6). These different mechanisms of ANG-(1-7) action could be due to cell type specificity. Tallant and Clark (30) demonstrated that ANG-(1-7) stimulates prostacyclin and stimulated cAMP production in rat VSMCs. However, the molecular mechanisms by which the ANG-(1-7)/mas pathway stimulates MKP-2 are currently unknown. In vascular smooth muscle cells, blockade of the NO/cGMP pathway prevented the induction of MKP-1 (16) . Along similar lines, Lara et al. (18) demonstrated that activation of Na ϩ -ATPase in response to ANG II was blocked by ANG-(1-7) through the cAMP/protein kinase A (PKA)-mediated pathway (18) . Therefore, it will be of high interest to determine whether cAMP/ PKA or cGMP pathways are involved in the induction of MKP-2 in AECs. It is also a possibility that p-JNK might be a substrate for other phosphatases, but the results of the siRNA knockdowns shown here suggest that MKP-2 is uniquely responsible for maintaining AEC survival. Although studies have demonstrated the activation of phosphatases by ANG-(1-7) in different organs, transcriptional regulation and mRNA stability of the various phosphatases are poorly understood and need to be investigated.
In summary, the experimental studies herein showed that the ability of ANG-(1-7) to block ANG II-induced p-JNK, caspase-9, MMP, DNA fragmentation, and apoptosis is abolished if MKP-2 is silenced. These data support the concept that ANG-(1-7) upregulates the phosphatase MKP-2 through mas and thereby maintains low p-JNK levels to promote AEC survival. Blockade or knockdown of the mas receptor by the antagonist A779 or antisense oligonucleotides attenuated the induction of MKP-2 by ANG-(1-7) and confirmed that mas acts through MKP-2. Collectively, these studies showed that upregulation of MKP-2 by the ANG-(1-7)/mas pathway constitutively dephosphorylates JNK and prevents apoptosis. These signaling mechanisms suggest the potential for pharmacological manipulation of AEC apoptosis and related pathogenic conditions in the lung through mas and MKP-2.
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